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ABSTRACT
A binary neutron star (BNS) merger has been widely argued to be one of the progenitors of a short
gamma-ray burst (SGRB). This central engine can be verified if its gravitational-wave (GW) event
is detected simultaneously. Once confirmed, this kind of association will be a landmark in multi-
messenger astronomy and will greatly enhance our understanding of the BNS merger processes. Due
to the limited detection horizon of BNS mergers for the advanced LIGO/Virgo GW observatories, we
are inclined to local SGRBs within few hundreds of mega-parsecs. Since normal SGRBs rarely fall
into such a close range, to make it more observationally valuable, we have to focus on low-luminosity
SGRBs which have a higher statistical occurrence rate and detection probability. However, there is
a possibility that an observed low-luminosity SGRB is intrinsically powerful but we are off-axis and
only observe its side emission. In this paper, we provide some theoretical predictions of both the
off-axis afterglow emission from a nearby SGRB under the assumption of a structured jet and the
macronova signal from the ejecta of this GW-detectable BNS merger. From the properties of the
afterglow emission, we could distinguish an off-axis normal SGRB from an intrinsically low-energy
quasi-isotropic class. Furthermore, with follow-up multi-wavelength observations, a few parameters
for BNS mergers (e.g. the medium density and the ejecta mass and velocity) would be constrained.
Subject headings: gamma-ray burst: general – radiation mechanisms: non-thermal – gravitational
waves
1. INTRODUCTION
Time domain astronomy has entered a new era
since the monumental discovery of gravitational waves
(GWs) by the advanced LIGO/Virgo observatories in
the last two years (Abbott et al. 2016a,b, 2017a,b).
Since then, searching for electromagnetic (EM) coun-
terparts to GWs has become a very urgent issue in
this field. Four convinced detections GW 150914,
GW 151226, GW 170104 and GW 170814 are believed
to originate from binary black hole (BBH) mergers
with dozens of solar masses (Abbott et al. 2016a,b,
2017a,b). However, usually we would not expect any
EM counterpart from BBH mergers except for several
specific situations (Connaughton et al. 2016; Loeb
2016; Perna et al. 2016; Yamazaki et al. 2016; Zhang
2016; de Mink & King 2017). Differing with BBH
mergers, the mergers of binary neutron stars (BNSs)
are expected to generate a bunch of EM signals, such
as short gamma-ray burst (SGRB) jet emission (e.g.
Faber et al. 2006; Nakar 2007; Giacomazzo et al. 2013;
Berger 2014; Ruiz et al. 2016; Kathirgamaraju et al.
2017), cocoon prompt emission (Gottlieb et al. 2017;
Lazzati et al. 2017a,b; Nakar & Piran 2017), jet/cocoon
afterglow (e.g. Gottlieb et al. 2017; Lamb & Kobayashi
2017; Lazzati et al. 2017a; Nakar & Piran 2017),
and macronova (Li & Paczyn´ski 1998; Metzger et al.
2010; Metzger & Berger 2012; Kasen et al. 2013;
Hotokezaka & Piran 2015; Gottlieb et al. 2017;
Nakar & Piran 2017). Besides, a late-time (year-
scaled) radio signal might originate from ejecta-medium
interactions as the ejecta enters the Sedov-Taylor phase
(Nakar & Piran 2011).
Although BNS mergers have been proposed as one of
the possible progenitors of SGRBs over three decades
(Paczynski 1986; Eichler et al. 1989; Narayan et al. 1992;
Mochkovitch et al. 1993) and there are a few indirect ev-
idences for such a scenario (e.g., for reviews see Nakar
2007; Berger 2014), a conclusive proof remains lack-
ing. The detection of its GW emission will provide a
unique way to verify this scenario once we can corre-
late a GW event with an SGRB. However, the advanced
LIGO/Virgo GW detection horizon of BNS mergers is
about few hundreds of mega-parsecs (Abadie et al. 2010;
Martynov et al. 2016) and SGRBs rarely fall into this
close range. Instead, according to the recent statistic
analysis of the luminosity function and burst rate of
SGRBs (Sun et al. 2015; Ghirlanda et al. 2016), nearby
low-luminosity SGRBs (with luminosities e.g., Liso <
1048 erg s−1) may be much more numerous than normal
ones and we have a greater chance to detect them. Gen-
erally, the production of these low-luminosity SGRBs
is assigned to less powerful central engines. Neverthe-
less, there is an another possibility that we are off-axis
and only observe the side emission of a normal SGRB.
On one hand, even if the GW emission is detected for
a BNS merger, we are very likely misaligned with the
axis of the SGRB due to the finite small opening an-
gle of a relativistic jet. In the standard picture, it is
not easy for us to detect any off-axis EM signal be-
cause of the relativistic beaming effect. Alternatively,
the side emission from an off-axis SGRB with a struc-
tured jet has been discussed as possible EM counter-
2parts to GWs (Kathirgamaraju et al. 2017) and also sev-
eral other radiation components besides the jet prompt
emission have been proposed as possible counterparts in
previous works (Gottlieb et al. 2017; Lamb & Kobayashi
2017; Lazzati et al. 2017a,b; Jin et al. 2017). On the
other hand, the probability of observing the side emis-
sion is estimated to be much higher than the on-axis jet
emission (Lazzati et al. 2017b). This kind of side emis-
sion should be much fainter than the jet from an observa-
tional point of view. Based on this argument, we consider
several cases that the observing angle θobs varies. For
large θobs, it is possible that an observed low-luminosity
SGRB is intrinsically energetic. In this paper, therefore,
we carry out calculations of multi-wavelength afterglow
emission with different observing angles under the as-
sumption of a universally-structured jet and then make
a comparison with that of an intrinsically low-energy
quasi-isotropic fireball. Our results show that such two
types of model are distinguishable and could be tested by
follow-up multi-wavelength observations. Furthermore,
we explore the macronova emission from a BNS merger
for different ejecta parameters and compare it with the
afterglow.
This paper is organized as follows. In Section 2 we
introduce the universally-structured jet model and cal-
culate the off-axis afterglow emission. Then, we present
the method of calculations for the macronova emission in
Section 3. Section 4 shows our results for the structured
jet model and gives a comparison with an intrinsically
low-energy quasi-isotropic fireball. Lastly, we draw con-
clusions and provide a summary in Section 5.
2. OFF-AXIS AFTERGLOWS
In this section, we consider a structured jet with a lat-
eral distribution of kinetic energy per solid angle ε(θ).
This kind of jet may form during the propagation of
the jet inside the ejecta, which gives rise to shocks at
the jet head (Nagakura et al. 2014; Nakar & Piran 2017).
Relativistic shocked jet materials form the inner co-
coon, which is wrapped by the outer cocoon composed
of mildly-relativistic shocked ejecta (Gottlieb et al. 2017;
Nakar & Piran 2017; Lazzati et al. 2017a,b). Although
there is some mixing between them, the cocoon is
far from isotropy (Nakar & Piran 2017; Lazzati et al.
2017b). Thus, the overall uniform jet core plus struc-
tured cocoon system can be named as a structured jet, of
which the kinetic energy per solid angle is assumed to be
(Dai & Gou 2001; Zhang & Me´sza´ros 2002; Rossi et al.
2002; Kumar & Granot 2003)
ε(θ) ≡
dE
dΩ
=
{
ε0 if θ ≤ θc,
ε0(θ/θc)
−k if θc < θ < θm,
(1)
where the typical half opening angle of SGRBs θc ≈ 16
◦
(Fong et al. 2015) and the maximum angle θm = 5θc are
assumed. The index k can be deduced from the lumi-
nosity distribution of local event rate density ρ0(> L).
The local event rate density of SGRBs can be fitted by
a power-law ρ0(> L) ∝ L
−λ with λ ∼ 0.7 (Sun et al.
2015). Since ρ0(> L) ∝ Ω(> E) ≃ πθ
2 for similar dura-
tions of prompt emission, we can get L ∝ θ−2/λ. Thus,
ε(θ) = dE/dΩ ∝ dL/dΩ ∝ dL/(θdθ) ∝ θ−2−2/λ. There-
fore, k = 2 + 2/λ ≃ 4.86, which is consistent with the
statistic analysis of Pescalli et al. (2015). In this paper,
we adopt k = 5 as a nominal value.
For an off-axis observing angle θobs, the infinitesimal
patch of the emission region at (r, θ, φ) makes an an-
gle α with respect to the observer, which is given by
(Kathirgamaraju et al. 2017)
cosα = cos θobs cos θ + sin θobs sin θ cosφ. (2)
Assuming that the jet expands outward in a homo-
geneous medium with a typical number density n ∼
10−2 cm−3 for SGRBs (Fong et al. 2015), the self-
similar evolution of the bulk Lorentz factor Γ can
be obtained in the same way as previous works (e.g.
Blandford & McKee 1976; Huang et al. 1999; Dai & Gou
2001). In this paper, the dynamics of a jet follows
Huang et al. (2000) without considering any lateral ex-
pansion of the jet. The radius and the time t′ in the jet’s
comoving frame can be expressed by
dR
dt
=
cβ
1− β cosα
, (3)
and
dt′
dt
=
1
Γ(1− β cosα)
, (4)
where β ≡ (1− 1/Γ2)1/2.
Now we can calculate the synchrotron radiation of the
electrons accelerated by the forward shock. Assuming
the electrons have a power-law distribution dne/dγe ∝
γ−pe , the minimum electron Lorentz factor is then γm =
[(p − 2)/(p − 1)]ǫe(mp/me)Γ, where ǫe is a fraction of
the post-shock energy density converted to electrons and
the spectral index of the electron energy distribution
p = 2.3 is adopted as a nominal value. The cooling
Lorentz factor is γc = 6πmec/(σTB
′2t′), where the mag-
netic field strength in the shocked medium is given by
B′ = [32πǫBΓ(Γ − 1)nmpc
2]1/2 with ǫB being a fraction
of the post-shock energy density converted to a mag-
netic field. In this paper, we adopt typical equipartition
factors ǫe = 0.1 and ǫB = 0.01 for SGRBs (Fong et al.
2015). With these parameters, we can calculate the typi-
cal frequency ν′m and the cooling frequency ν
′
c. According
to the relative values of the two frequencies, the spec-
trum without synchrotron self absorption (SSA) can be
written (Sari et al. 1998). The SSA frequency ν′a can be
obtained by equaling the blackbody luminosity at the
Rayleigh-Jeans end with the synchrotron luminosity. At
last, we can write down the complete differential luminos-
ity dL′ν′/dΩ
′ in the jet’s comoving frame (e.g. Dai & Gou
2001; Xiao & Dai 2017).
The observed total flux density of the off-axis afterglow
is then given by (Dai & Gou 2001; Granot et al. 2002;
Kathirgamaraju et al. 2017)
Fν =
∫ θm
0
dθ
∫ 2pi
0
dφ
dL′ν′/dΩ
′
4πD2LΓ
3(1 − β cosα)3
, (5)
where DL is the luminosity distance of the source to
an observer. Similarly, the contribution of a coun-
terjet can be accounted for if we integrate dθ from
π − θm to π. The emission from the counterjet is in-
significant at the beginning when Γ is large but could
show up at later times as the structured jet deceler-
ates to a non-relativistic speed. Note that we should
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Fig. 1.— The theoretical X-ray light curves for different observing
angles. The black, blue, green, yellow and cyan solid lines are
corresponding to θobs = 0, 2θc, 3θc, 4θc, and 5θc respectively. The
medium density is taken as n = 10−2 cm−3. The corresponding
dashed line represent the contribution of a counterjet, which is at
least two orders of magnitude fainter.
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Fig. 2.— The theoretical R-band magnitude for different observ-
ing angles. The black, blue, green, yellow and cyan solid lines are
corresponding to the afterglow emission of θobs = 0, 2θc, 3θc, 4θc,
and 5θc respectively. The four macronova signals for θej = pi/4
can be distinguished by colors (magenta for Mej = 10
−3M⊙ and
red for Mej = 10
−2M⊙) and line styles (dotted for vej = 0.1c and
dashed for vej = 0.3c).
integrate on the equal arrival time surface that is de-
termined by t =
∫
(1 − β cosα)/(cβ)dR ≡ constant
(Waxman 1997; Panaitescu & Me´sza´ros 1998; Sari 1998;
Huang et al. 2000; Moderski et al. 2000).
3. MACRONOVAE
The neutron-rich ejecta produced during the BNS
merger undergoes rapid neutron capture (r-process) nu-
cleosynthesis. The radioactive decay of these heavy nu-
clei is able to power a day-to-week-long macronova (also
called kilonova) (Li & Paczyn´ski 1998; Kulkarni 2005;
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Fig. 3.— The theoretical radio (ν = 5GHz) light curves for
different observing angles. The line styles are the same as in Figure
1.
Metzger et al. 2010; Kasen et al. 2013; Tanvir et al.
2013; Metzger 2017).
The density distribution of the ejecta can be obtained
from numerical simulations. The geometry structure of
the ejecta can be modeled as a partial sphere in the lati-
tudinal and longitudinal direction (Kyutoku et al. 2013,
2015). We assume a homologous expansion inside the
ejecta, so the density of the ejecta is (Kawaguchi et al.
2016)
ρ (v, t) =
Mej
2φejθej (vmax − vmin)
v−2t−3, (6)
where vmin and vmax are the minimum and maximum ve-
locities of the ejecta respectively, θej is the polar opening
angle, and φej is the azimuthal opening angle. Here, we
adopt vmin = 0.02c, and vmax = 2vej − vmin. For BNS
mergers, there exists a linearly correlation between θej
and φej (Dietrich & Ujevic 2017),
φej = 4θej +
π
2
. (7)
We assume that the macronova is powered by ra-
dioactive decay without an additional energetic engine
such as a stable millisecond magnetar. An approxi-
mate expression for the heating rate of r-process ejecta
is (Korobkin et al. 2012)
Q˙ =Mejǫ0
(
1
2
−
1
π
arctan
t− t0
σ
)1.3
ǫth, (8)
where ǫ0 = 4× 10
18 erg s−1 g−1, t0 = 1.3 s, and σ = 0.11
s are constants. ǫth is the thermalization efficiency that
can be approximated by the fitting formula (Barnes et al.
2016)
ǫth = 0.36

exp (−a1tday) + ln
(
1 + 2a2t
a3
day
)
1 + 2a2t
a3
day

 , (9)
where tday = t/1 day, and a1, a2, and a3 are fitting
4constants. Here we adopt a1 = 0.56, a2 = 0.17, and
a3 = 0.74.
The bolometric luminosity of macronova is approx-
imated by (Kawaguchi et al. 2016; Dietrich & Ujevic
2017)
LMN = (1 + θej) Q˙×
{
t/tc, if t ≤ tc,
1, if t > tc,
(10)
The factor (1 + θej) indicates the contribution from ra-
dial edge effectively. The critical time tc at which the ex-
panding ejecta becomes optically thin (Kawaguchi et al.
2016) is
tc =
[
θejκMej
2φej (vmax − vmin) c
]1/2
. (11)
For t < tc, the mass of the photon-escaping region is
Mobs(t) = Mej(t/tc). At t = tc, the whole region
of the ejecta becomes transparent. Kasen et al. (2013)
and Barnes & Kasen (2013) found that the opacity of
r-process ejecta, particularly the lanthanides, is much
higher than that for Fe-peak elements, with κ ∼ 10−100
cm2 g−1. In our analytic model, we adopt κ = 10
cm2 g−1. Kawaguchi et al. (2016) and Dietrich & Ujevic
(2017) found that the bolometric light curve of the ana-
lytic model can well match the results of the radiation-
transfer simulation performed in Tanaka & Hotokezaka
(2013).
Assuming that the macronova is due to blackbody ra-
diation from the photosphere of the ejecta, the effective
temperature can be written as
Teff =
(
LMN
σSBS
)1/4
, (12)
where σSB is the Stephan-Boltzmann constant and S =
R2ejφej is the emitting area with Rej ≃ vmaxt being the ra-
dius of the latitudinal edge. The observed flux at photon
frequency ν can be calculated by
Fν,MN =
2πhν3
c2
1
exp (hν/kBTeff)− 1
R2ej
D2L
, (13)
where h is the Planck constant and kB is the Boltzmann
constant.
4. RESULTS
Figure 1 shows our theoretical X-ray light curves for
different observing angles. We consider a typical SGRB
with jet core energy ε0 = 10
50 erg/sterad, located at a
close distance (e.g., DL = 40Mpc). With the increase of
the observing angle, the light curve shifts to later times
and the peak luminosity decays, which is consistent with
previous works (e.g. Moderski et al. 2000; Huang et al.
2000; Granot et al. 2002; Lamb & Kobayashi 2017). For
the parameters taken, the contribution from the counter-
jet (shown by the dashed lines in Figure 1) is negligible.
The light curves of R-band are shown in Figure 2. Dif-
ferent colors represent different observing angles, solid
lines are corresponding to afterglow emission, and dashed
and dotted lines to macronova emission. The theo-
retical flux of the macronova signal depends on the
kinetic energy and velocity of the ejecta. Numerical
simulations have suggested that the ejecta has typi-
cal mass 10−4 − 10−2M⊙ and velocity 0.1 − 0.3c (e.g.
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Fig. 4.— The spectrum evolution for the observing angle θobs =
4θc case. The black solid, dashed, dotted, blue solid, and blue
dashed lines represent the spectra at t = 103, 104, 105, 106, and
107 s respectively.
Nagakura et al. 2014). Thus we consider two masses
10−3M⊙ (magenta) and 10
−2M⊙ (red), and velocities
0.1c (dotted) and 0.3c (dashed), so we have four com-
binations. For large observing angles, the macronova
signal might dominate over the afterglow. Therefore, if
the macronova component can be extracted in optical-
infrared follow-up observations, it will help constrain pa-
rameters such as the observing angle and the ejecta mass
and velocity.
For completeness, we plot the light curves of the radio
band (ν = 5GHz) in Figure 3. In our model, since the
outer structured jet (including the cocoon) first sweeps
up the ambient medium, the inner ejecta cannot catch
up with the outer jet and thus the ejecta expands freely
with a nearly constant velocity. Thus, we neglect any
emission from interactions of the ejecta with its ambient
gas (Nakar & Piran 2011).
The time evolution of the afterglow spectrum is shown
in Figure 4 for the θobs = 4θc case. Figure 5 shows the
influence of the medium density n. As is expected, the
flux level drops with the decrease of n.
However, there is still a possibility that an observed
low-luminosity burst is not due to the large observing
angle, instead, it arises from an intrinsically low-energy
quasi-isotropic fireball. We need to consider its afterglow
emission for completeness. The structured jet model
can be easily generalized to an isotropic fireball case
if we set index k = 0 and opening angle θm = π in
Equation (1). Since the kinetic energy per solid an-
gle along the line of sight in the structured jet model
can be estimated by ε0/εobs = (θc/θobs)
−k, to make a
direct comparison with one of the previous cases (e.g.,
ε0 = 10
50 erg/sterad, θobs = 4θc), we assume a fireball
with isotropic kinetic energy Eiso ∼ 4π×10
50×4−5 erg ∼
1.2× 1048 erg. The corresponding X-ray, R-band and ra-
dio light curves are shown in Figures 6, 7, and 8 respec-
tively. Different lines represent different medium densi-
ties, ranging from n = 1−10−4 cm−3. We can clearly see
that the observed afterglow emission of an intrinsically
low-energy fireball is very different with that of an in-
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Fig. 5.— The theoretical X-ray light curves for different medium
densities for the θobs = 4θc case. The black solid, dashed, blue
solid, dashed and green solid lines are corresponding to n =
1, 10−1, 10−2, 10−3, and 10−4 cm−3 respectively.
trinsically powerful off-axis SGRB discussed above. The
light curves rise and peak much earlier for the isotropic
fireball model. In particular, comparing the blue solid
line in Figure 5 with the blue solid line in Figure 6, we
can see that the peak time differs to a large extent (al-
most four orders of magnitude) for these two types of
model. Similar differences can be found in R-band (∼
four orders of magnitude) and radio band (∼ three or-
ders of magnitude). Also, the quasi-isotropic macronova
signal may be different since intrinsically-fainter SGRBs
are likely accompanied by less energetic ejecta, so the
macronova should be dimmer. The spectral evolution
with time is also different from each other in the two
types of model if we compare Figure 9 with Figure 4.
All of these results would be testable by follow-up multi-
wavelength observations.
5. CONCLUSIONS
In this work we have re-investigated both an afterglow
and a macronova, which are associated with a nearby
low-luminosity SGRB from BNS mergers, under the as-
sumption of a universally structured jet. The discovery
of such EM signals associated with a GW event in the
future will mark the coming of multi-messenger time-
domain astronomy. Detecting a low-luminosity SGRB
is estimated to be much easier in our local universe than
a normal one because the former has a much greater oc-
currence rate than the latter does. We have considered
two possibilities that either an SGRB is intrinsically low-
luminosity and quasi-isotropic or it is just due to off-axis
jet emission. We have shown that the properties of after-
glow emission in these two cases are obviously different.
The light curves rise slower and peak at a later time for
the off-axis case. The spectrum is also different at any
given time. Furthermore, if we assume the kinetic en-
ergy of the ejecta is in proportional to that of the jet, the
macronova signal in the low-energy fireball case should
be much fainter than that of the off-axis powerful SGRB
case. With follow-up multi-wavelength observations of
a local low-luminosity SGRB, we can finally distinguish
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Fig. 6.— The theoretical X-ray light curves for different medium
densities for the Eiso = 1.2×10
48 erg fireball case. The black solid,
dashed, blue solid, dashed and green solid lines are corresponding
to n = 1, 10−1, 10−2, 10−3, and 10−4 cm−3 respectively.
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Fig. 7.— The theoretical R-band light curves for different
medium densities for the Eiso = 1.2 × 10
48 erg fireball case. The
line styles are the same as in Figure 6.
between these two models. In addition, several key pa-
rameters can be constrained such as the observing an-
gle, the ejecta mass, the ejecta velocity, and the ambient
medium density, all of which would help reveal the mys-
tery of SGRBs. Finally, most importantly, if this kind of
low-luminosity SGRB from a BNS merger is associated
with a GW event, our theoretical results could provide
some hints on searching for EM counterparts to GWs,
which would greatly enhance our understanding of the
BNS merger processes.
This work was supported by the Strategic Priority
Research Program “Multi-waveband gravitational wave
Universe” (grant No. XDB23040000) of the Chinese
Academy of Sciences, the National Basic Research Pro-
gram of China (973 Program grant 2014CB845800)
6101 102 103 104 105 106
t (s)
10−4
10−2
100
102
104
106
108
F ν
(μ
μy
)
Fig. 8.— The theoretical radio (5GHz) light curves for different
medium densities for the Eiso = 1.2 × 10
48 erg fireball case. The
line styles are the same as in Figure 6.
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Fig. 9.— The spectrum evolution for the isotropic fireball case.
The black solid, dashed, dotted, blue solid, and blue dashed lines
represent the spectra at t = 103, 104, 105, 106, and 107 s respec-
tively.
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